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Replication of picornavirus genomes is accomplished by the virally encoded RNA-dependent RNA polymerase (RdRP). Although the primary
structure of this enzyme exhibits a high level of conservation, there are several significant differences among different picornavirus genera. In
particular, a comparative alignment indicates that the C-terminal sequences of cardiovirus RdRP (known also as 3Dpol), are 1-amino-acid residue
(arginine or tryptophan) longer than that of the enterovirus or rhinovirus enzymes. Here, it is shown that alterations of the last codon of the RdRP-
encoding sequence of mengovirus RNA leading to deletion of the C-terminal Trp460 or its replacement by Ala or Phe dramatically impaired viral
RNA replication and, in the former case, resulted in a quasi-infectious phenotype (i.e., the mutant RNA might generate a low yield of
pseudorevertants acquiring a Tyr residue in place of the deleted Trp460). The replacement of Trp460 by His or Tyr did not appreciably alter the
viral growth potential. Homology modeling of three-dimensional structure of mengovirus RdRP suggested that Trp460 may be involved in
interaction between the thumb and palm domains of the enzyme. Specifically, Trp460 of the thumb may form a hydrogen bond with Thr219 and
hydrophobically interact with Val216 of the palm. The proposed interactions were consistent with the results of in vivo SELEX experiment, which
demonstrated that infectious virus could contain Ser or Thr at position 219 and hydrophobic Val, Leu, Ile, as well as Arg (whose side chain has a
nonpolar part) at position 216. A similar thumb–palm domain interaction may be a general feature of several RdRPs and its possible functional
significance is discussed.
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Replication of the genome of RNA-containing viruses is
accomplished by RNA-dependent RNA polymerases (RdRP).
In general terms, the functions of these enzymes involve (i)
primer-dependent or -independent initiation of the complemen-
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doi:10.1016/j.virol.2007.02.038template; (ii) elongation which may or may not involve the
displacement of the non-template strand; and (iii) termination.
In different RNA viruses, the accomplishment of these steps
may significantly vary with respect to the requirements of
different viral and host auxiliary proteins, primers, membranes
etc. (Flint et al., 2000). Nevertheless, the basic molecular
mechanisms of RNA-dependent RNA synthesis appear to be
very similar.
Currently, the crystal structures have been reported for
RdRPs of nine RNA viruses, belonging to several evolutionary
distant groups, representatives of: (i) three genera of picorna-
viruses, poliovirus (PV) (Hansen et al., 1997; Thompson and
Peersen, 2004), human rhinovirus (HRV) (Love et al., 2004;
Appleby et al., 2005), and foot-and-mouth disease virus
(FMDV) (Ferrer-Orta et al., 2004, 2006a); (ii) two genera of
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Bressanelli et al., 1999; Lesburg et al., 1999; O'Farrell et al.,
2003) and bovine viral diarrhea virus (BVDV) (Choi et al.,
2004); (iii) two genera of caliciviruses, rabbit hemorrhagic
disease virus (RHDV) (Ng et al., 2002) and Norwalk virus (NV)
(Ng et al., 2004); and (iv) two genera of viruses with double-
stranded RNA genomes, reovirus (RV) (Tao et al., 2002) and
phage ϕ6 (Butcher et al., 2000, 2001; Salgado et al., 2004). The
overall topology of these RdRPs is uniform and may be
described as having “right hand palm”, “fingers” and “thumb”
domains.
While sharing many important structural and functional
characteristics, the known enzymes possess group or individual
peculiarities. Thus, those of PV, HRV, FMDV, RHDV, and NV
appear to be somewhat smaller and more closely related to each
other. The bigger HCV, BVDV, RV and phage ϕ6 RdRPs have
additional extended structural elements, i.e., an N-terminal
domain (RV and BVDV), C-terminal elements in the thumb
domain (HCV, BVDV, RV, phage φ6) and loop insertions of
various lengths. A schematic view of a “small” RdRP is given in
Fig. 1.
The palm domain carrying structural elements forming the
catalytic center is the most conserved with regard to both se-
quence and 3D structure. The palm and the bulk of the fingers of
RHDVRdRP form a relatively rigid unit, whereas the thumb can
acquire different positions. These conformational changes may
be important for the catalytic activity (Ng et al., 2002; Biswal et
al., 2005). The inner surfaces of the palm, fingers and (partially)
thumb domains make up the walls of a cavity, which has two
outputs. There is a narrow gap between the fingers and thumb.
The abovementioned structural studies in conjunction with the
mutagenesis data (Sankar and Porter, 1992; Cameron et al.,
2002) as well as the similarity with well-investigated HIV re-
verse transcriptase (Huang et al., 1998) and other RNA poly-
merases suggest a common model. The phosphoryl transfer
reaction is carried out inside the cavity. The single-strand tem-
plate RNA appears to be placed in the gap between the fingers
and the thumb (Tao et al., 2002; O'Farrell et al., 2003; Salgado et
al., 2004; Ferrer-Orta et al., 2004), or in the gap between the
fingers (Thompson and Peersen, 2004). The template enters the
cavity and the product RNA leaves it at the same side, while
nucleoside triphosphates (NTPs) come from the oppositeFig. 1. Schematic architecture of “small” RdRP. The hairpin between the palm
and thumb domains is in light blue. The predicted approximate location of MV
RdRP Trp460 is marked by star.direction. The structure–function relationships in RdRP were
the subject of several recent reviews (Cameron et al., 2002;
Bruenn, 2003; van Dijk et al., 2004; Ferrer-Orta et al., 2006b).
In the present study, we were interested in some functionally
important structural features of the mengovirus RdRP. Mengo-
virus (MV) is a representative of Cardiovirus genus of the
Picornaviridae family (King et al., 2000). This family of small
icosahedral animal viruses with a 7- to 8-kb RNA genome of
positive polarity includes, among others, such important human
and animal pathogens as PV, hepatitis A virus, and FMDV. The
molecular biology of picornaviruses is relatively well studied
(Semler and Wimmer, 2002; Racaniello, 2001). The picorna-
viral RNA possesses a single long open reading frame (ORF)
flanked by extended 5′- and 3′-untranslated regions (UTRs).
The ORF encodes the viral polyprotein, which is eventually
processed, by viral proteases, into functional “mature” proteins.
A C-terminal portion of the polyprotein corresponds to the
RdRP (known also as 3Dpol).
We shall report here on the significance of the C-terminal
amino acid residue in the MV RdRP. Site-directed mutagenesis
data indicate that the enzyme requires a bulky polar amino acid
at this position. Molecular modeling suggests that this residue is
involved in functionally important contacts between the thumb
and specific residues of the palm. This suggestion is consistent
with the results of an in vivo SELEX experiment. A similar
contact appears to be present and may have a functional
significance in some other RdRP, e.g., those of picornaviruses
and caliciviruses. Preliminary results have been presented at the
Moscow Conference on Computational Molecular Biology,
MCCMB'03 (July 22–25, 2003; Alexeevski et al., 2003).
Results
Alignment of picornavirus RdRP sequences
Amino acid sequences of picornavirus RdRPs exhibit a high
level of conservation (Koonin, 1991). Nevertheless, there
appear to be features specific for individual viral genera.
Exploration of the significance of such peculiarities may shed
light on some general properties of this type of enzyme. These
peculiarities can readily be revealed by aligning amino acid
sequences. The partial alignment of the picornaviral RdRPs is
shown in Fig. 2. It includes also some non-picornaviral
(calicivirus) sequences. A marked variability in the C-terminal
sequences of the RdRPs of different picornaviruses is clearly
seen. The C-terminal amino acid in the enterovirus and
rhinovirus enzymes is invariably represented by phenylalanine.
On the other hand, the cardiovirus (MV, encephalomyocarditis
virus, Theiler's murine encephalomyelitis virus) RdRPs, while
retaining this conserved Phe, contain in addition Trp or Arg.
Another distinction of cardiovirus RdRP sequences compared
to those of enteroviruses consists in a deletion of 4-amino-acid
residues 16 positions upstream of the conserved Phe. As far as
RdRPs of other viruses are concerned, they tend to posses a
hydrophobic residue corresponding to the conserved Phe of
entero-, rhino- and cardioviruses but have a C-terminal exten-
sion of different structures and lengths (2 to 13 residues). In this
Fig. 2. Alignment of portions of the sequences of some viral RdRPs. (A) The palm segment interacting with the thumb. (B) C-terminal parts of RdRPs, including the
thumb and proceeding hairpin of the palm domain that interacts with thumb. Conserved residues (>80% of similar amino acids in a column) are in bold and
highlighted as follows: hydrophobic (aliphatic or aromatic; Val, Ile, Met, Leu, Phe, Tyr, Trp) in green; Gly and Ala in cyan, Arg and Lys in blue, Pro in greenblue, Asn,
Asp, and Glu in red. The C-terminal residues of cardioviral RdRPs are highlighted in yellow. Segments are denoted as in Table 2. ThHx3′ denotes a segment between
helices ThHx3 and ThHx4 present in some of the RdRPs and containing a one-turn helix. Picornaviruses: PV, poliovirus; HRV16, human rhinovirus, serotype 16;
HEV, human enterovirus 71; CXV, coxsackievirus A9; HEV6, human echovirus 6; SVDV, swine vesicular disease virus; ParEchoV, human parechovirus 2; TMEV,
Theiler's murine encephalomyelitis virus; EMCV, encephalomyocarditis virus; MV, mengovirus; FMDV, foot-and-mouth disease virus; ERV1′, equine rhinitis A
virus, type 1; ERV1″, equine rhinitis A virus, type 1″; ERV2, equine rhinitis B virus; HAV, hepatitis A virus; AEV, avian encephalomyelitis virus; AichiV, aichi virus.
Caliciviruses: RHDV, rabbit hemorrhagic disease virus; NV, Norwalk virus.
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cardiovirus RdRP.
C-terminal tryptophan of mengovirus RdRP is critical for
viral reproduction
To investigate significance of the C-terminal Trp of MV
RdRP, we mutated the last codon (7635UGG) of the polyprotein-
encoding ORF of the wild-type (wt) virus into stop-codon UAA.
Two such mutant genomes were engineered: one, MV-ΔW460,
had no other changes, while the second, MV-ΔW460/m3UTR,
in addition to the above 7635UGG→UAA mutation, harbored a
dinucleotide replacement in the 3UTR, 7677CC→UU (Table 1).
The latter mutation was introduced in conjunction with another
project (aimed at functional characterization of structural
elements in the 3′-untranslated region) and by itself did not
affect the viability of the virus (MV-m3UTR; Table 1; Fig. 5).
However, both viral RNA species lacking the terminal Trp codonfailed to produce cytopathic effect (CPE) under conditions when
the Trp-encoding RNAs readily did so (Table 1).
The mutant genomes were not completely dead however.
The cells transfected with the wt and mutant transcripts were
assayed for the presence of virus-specific (−) strand RNA. To
this end, double-stranded (ds) RNA extracted from the
transfected cells was hybridized with [33P]-labeled virion
RNA, and after RNase A treatment, the hybridization products
were isolated, denatured and analyzed by agarose gel electro-
phoresis (Fig. 3). In contrast to cells transfected with the wt
RNA (lane 2), no virus-specific RNA could be detected by 3
days post-transfection in the cells transfected with MV-ΔW460
(lane 3). However, accumulation of some viral (−) strand RNA
could be revealed after prolonged incubations (lanes 4 and 5).
Although this positive signal indicated a certain level of viral
RNA synthesis, viral reproduction was very inefficient, as
judged by the absence of detectable CPE. Another evidence for
a low-level activity of the Trp-lacking RdRP was obtained in
Table 1
The infectivity of wt and mutant RNA transcripts
Construction Sequences a Amino acid
at position 460
Passage b Reversion
7631–7640 7671–7680 1 4
wt GUUCUGGUAA GGUAAGCCAA Trp + Not applicable
ΔW460 GUUCUAAUAA GGUAAGCCAA deleted − − Not applicable
m3UTR GUUCUGGUAA GGUAAGUUAA Trp + Not observed
ΔW460/m3UTR GUUCUAAUAA GGUAAGUUAA deleted − + 7635UAA→UAU
(stop→Tyr)
W460A GUUCGCGUAA GGUAAGCCAA Ala − − Not applicable
W460F GUUCUUCUAA GGUAAGCCAA Phe − − Not applicable
W460H GUUCCAUUAA GGUAAGCCAA His + Not observed
W460Y GUUCUAUUAA GGUAAGCCAA Tyr + Not observed
a Nucleotides different from the wt sequence are in bold. Codons for the C-terminal amino acids are underlined.
b “+” Denotes a CPE-inducing capacity similar to that of wild-type (wt) virus.
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cytopathic virus was isolated after four blind passages of the
transfected cells. Sequencing of the relevant portion of its
genome showed that the virus was a pseudorevertant, acquiring
a mutation changing its termination codon 7635UAA into Tyr-
coding UAU (Table 1).
Modeling mengovirus RdRP
To interpret the importance of the C-terminal residue of MV
RdRP, an attempt was undertaken to derive a 3D structure of the
Trp460-adjoining part of the molecule by modeling. Judging by
the sequence alignment, MV RdRP is most closely related to the
FMDVenzyme (42% of sequence identity and 61% of positives
with respect to the BLOSUM62 scoring matrix); a lesser
sequence similarity was observed with the PV (29% and 54%,
respectively) and HRV enzyme (30% and 52%). As a draft, we
have used an MV RdRP model from SWISS-Model repository
(http://swissmodel.expasy.org/repository/smr.php?sptr_ac=
q83422&job=2), which was based on the FMDV RdRP
template. The draft model lacks five C-terminal residues due
to the absence of sequence similarity and different lengths of theFig. 3. Synthesis of viral (−) strand RNA in transfected cells. Fractions of
dsRNA were derived from CV1 cells, transfected with wild type (wt) and
ΔW460 transcripts. Aliquots of cellular suspension were removed at 3rd, 6th
and 16th days after transfection. Nontransfected cells were used as a control.
After hybridization with [33P]-labeled virion RNA, the samples were treated
with RNase A, denatured by glyoxal, electrophoresed in agarose gel, and
visualized by autoradiography. The arrow indicates the position corresponding
to MV RNA.C-terminus in the template and the modeled proteins. To
reconstruct the C-terminus of MV RdRP, structures of the
FMDV, PV, and HRVenzymes were superimposed (not shown).
They demonstrated a reasonable (though not complete, see
below) coincidence of the polypeptide chains in all parts, except
some external loops. Polypeptide chains of the PV and HRV
RdRP structures practically coincided, and therefore only the
PV enzyme was used for the MV RdRP model refinement.
Based on the sequence alignment and expected overall
structure similarity of the PV, FMDV and MV RDRPs, we could
predict approximate location of Trp460 and its neighbors. There
are two segments of the palm, named here Palm–Thumb
Interacting Segments 1 and 2 (PThIS1 and PThIS2; see Table 2)
that are close to the C-terminal helix of the thumb. By analogy
with PV and FMDV RdRPs, the C-terminal Trp460 of MV
RdRP is presumed to be preceded by a helix named here
ThHx4. The ThHx4 helices are located similarly in the
superimposed structures, their N-terminal ends are fixed on the
thumb core, whereas the C-terminal ends interact with the palm.
In an attempt to refine the draft MV RdRP model, we added
the missing four C-terminal residues, in the helix conformation,
by using the FMDV template. It turned out however that there
was not enough space between the thumb and palm for placing
Phe459, the homolog of Val466 of FMDV RdRP. Super-
imposition of PV and FMDV RdRPs showed that Cα atoms of
PV ThHx4 were moved 1.2–2.5 Å out of the palm as compared
with the FMDV enzyme (Fig. 4a). The turn of ThHx4 towards
the palm is likely caused by the replacement of the bulky
Phe461 of PV RdRP by a smaller Val466 in the FMDVenzyme.
Prompted by this observation, we rotated (aided by SwissPDB-
viewer) ThHx4 in the MV model to put it into a position similar
to the position of this helix in the PV enzyme. Conformation of
the C-terminal Trp460 was adjusted manually. The best fit was
obtained when this residue was involved into hydrophobic
interactions with palm Val216 and thumb Phe459 and could
form a hydrogen bond with the side chain of the palm Thr219
(Fig. 4b). It may be noted that the relative conformation of the
Trp460–Thr219 pair was similar to that of the Trp–Thr pairs in
clusters 1, 2 in the ‘Trp–Thr’ page of the “Atlas of Protein Side-
Chain Interactions” (Singh and Thornton, 1992), indicating the
possibility of hydrogen bonding of Trp and Thr side chains.
Table 2
Domains and segments of RdRPs a
Domain Segment b
name
Viruses c
PV HRV FMDV RHDV NV HCV φ6 BVDV RV MV (by sequence
similarity)
N-terminal
domain
– – – – – – – 1–132
(1–91)
1–371
(1)
–
Fingers Finger1 1–201 1–201 1–206 1–215
(1–4)
1–209
(1–5)
1–187 1–299 133–311 372–553 1–201
Finger2 242–291 243–290 249–301 259–311 251–303 229–285 333–396 354–408 595–685 244–296
N-tail 1–21 1–21 1–17 1–30
(1–4)
1–24
(1–5)
1–17 1–36 – – 1–16
FThIS 22–40 22–40 18–36 31–50 25–43 18–39 37–91 133–154 – 17–35
Palm Palm1 202–241 202–242 207–248 216–258 210–250 188–228 300–332 312–353 554–594 202–243
Palm2 292–392 291–391 302–403 312–417 304–406 286–386 397–516 409–517 686–793 297–395
PThIS1 209–225 209–225 214–230 222–240 216–233 192–209 301–316 317–334 557–575 209–225
PThIS2 375–392 374–391 387–403 403–417 392–406 367–386 498–516 498–517 782–793 381–395
Thumb 393–461 392–460 404–473 418–516
(502–515)
407–510
(508–510)
387–578
(544–546,
557–578)
517–664 518–679 794–1267
(1266–1267)
396–460
ThHx1 393–404 392–403 404–415 418–430 407–419 387–401 517–529 518–529 794–798 396–407
ThHx2 410–424 409–423 420–434 447–463 434–450 408–417 547–561 540–553 817–830 412–426
ThHx3 426–439 425–438 436–449 465–478 452–465 419–435 563–579 557–568 835–847 428–441
ThHx4 450–459 449–458 455–464 488–501 477–488 456–468 – 587–595 – 448–457
C-tail 460–461 459–460 465–473
(471–476) d
(502–515) 489–507 469–578
(557–578)
580–664 596–679 848–1267
(1266–1267)
458–460
a Coordinates of the relevant structural elements are given. Amino acid residues not solved in 3D structures are listed in brackets.
b N-tail, a segment of fingers domain preceding the thumb-interacting fingers loop. FThIS, a loop of finger1, interacting with thumb. PThIS1 and PThIS2 are palm segments interacting with thumb. ThHx1–4, three
helices forming thumb core and a fourth helix (ThHx4) contacting with palm (present in not all RdRPs). C-tail, a C-terminal part of RdRP starting after ThHx4.
c HCV, hepatitis C virus (flavivirus); phage ϕ6 (cystovirus); BVDV, bovine viral diarrhea virus (flavivirus); RV, reovirus. For other abbreviations of viral names, see legend to Fig. 2.
d Not native sequence.
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Fig. 4. Thumb–palm contacts in ‘small’ RdRPs. (a) Superimposition of parts of FMDVand PV RdRP structures. The backbone model of PV RdRP presents PThIS1
(blue) and PThIS2 (yellow) segments of the palm and the complete thumb domain (orange) including its C-terminal ThHx4 helix (red). The one-turn helix ThHx3′ is in
green, the C-terminal residue is marked by red star. The FMDV RdRP is shown as a backbone model in cyan with Val466 corresponding to the C-terminal Phe461 of
PV RdRPmarked by cyan star. (b) A model of MV RdRP thumb–palm PThIS1 contacts. The potential hydrogen bond between Trp460 and Thr219 is shown by dotted
line. Trp460 (purple) is interacting with hydrophobic residues Val216 and Phe459 (green). Leu390, interacting with Phe459 and partially with Trp460, is in green also.
(c) Areas of the thumb–fingers and thumb–palm contacts in the RHDV RdRP. Shaded cartoon view. The palm domain is in blue, fingers are in green, and thumb is in
orange. The palm and fingers atoms contacting with the thumb and the thumb atoms contacting with the palm or fingers are shown as balls. A threshold of 4 Å for
contacting atoms (not including hydrogens) was assumed. Black line is the axis of the rotation of the thumb; black balls indicate the breakpoints of thumb and FThIS
loop rotation according to Ng et al. (2002) one of these breakpoints is buried inside the thumb and is shown as the dotted circle. (d) The C-terminal Phe461 of PV RdRP
(green wireframe model) in the hydrophobic pocket formed by Leu216 of PThIS1 and Leu387 of PThIS2 (both as green spacefill models). Other parts of the molecule
are colored as in panel a.
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thumb C-terminal residues with the palm, we analyzed known
3D structures of other viral RdRPs. The solved structures of the
RdRPs were superimposed by using SwissPDBViewer. This
could be readily done despite a relatively low sequence
similarity. A draft superimposition was done by fitting three
short conserved motifs in the palm domain, called A, B and C,
known to form the catalytic center (Argos, 1988; Poch et al.,
1989; Koonin, 1991; Sankar and Porter, 1992). An analogous
approach for the superimposition of RdRP structures of even
less similar polymerases, like RHDV RdRP and HIV-1 reverse
transcriptase, was used by others (Ng et al., 2002). Even in the
draft superimposition of RdRPs, a good coincidence was
observed for the whole molecules (not shown). Thus, the active
center seems to be highly coordinated by the global shape of the
enzyme molecule.
A refinement of the superimposition was done by fitting all
Cα atoms forming the so-called geometrical core of the RdRPs(Gelfand et al., 1998), i.e., a maximal set of positions of
structural alignment such that for any pair of positions the
distance between the corresponding Cα atoms in each structure
does not exceed a given threshold, in our case 2 Å. The
geometrical core of RdRs consists of 53 Cα atoms (Table 3) and
forms the most spatially conserved part of the enzymes (the
superimposed structures as a file in PDB format are available in
the Supplementary materials). The superimposition supported
several known features shared by all the RdRPs studied. The
palm domain, as compared to fingers, contained more spatially
conserved fragments of the polypeptide chain (Table 3), in line
with its known general conservation (O'Reilly and Kao, 1998).
No spatially conserved segments could be detected in the thumb
(Table 3). In spite of this, the fingers and thumb also
demonstrated a good fit, occupying the same spatial regions
in all the structures (see the supplementary superimposed
structures and the script for their visualization by Rasmol
program). Importantly, this was true in particular of the catalytic
Table 3
Geometrical core of RdRPs a
Domain Number of
amino acids
Viruses
PV HRV FMDV RHDV NV HCV φ6 BVDV RV MV (predicted)
Comparison of all structures
Finger1 11 155–158 155–158 160–163 169–172 162–165 137–140 200–203 259–262 514–517 155–158
175–181 175–181 180–186 189–195 183–189 159–165 271–277 286–292 527–533 175–181
Palm1 9 229–231 230–232 236–238 246–248 238–240 216–218 320–322 341–343 581–583 231–233
234–239 235–240 241–246 251–256 243–248 221–226 325–330 346–351 586–591 236–241
Finger2 5 273–275 272–274 283–285 293–295 285–287 266–268 365–367 389–391 661–663 278–280
290–291 289–290 300–301 310–311 302–303 284–285 395–396 407–408 684–685 295–296
Palm2 28 292–303 291–302 302–313 312–323 304–315 286–297 397–408 409–420 686–697 297–308
323–332 322–331 333–342 349–358 338–347 313–322 448–457 443–452 729–738 328–337
372–377 371–376 384–389 400–405 389–394 364–369 495–500 495–500 780–785 378–383
Comparison of PV, RHDV (two conformers), and NV RdRP structures
Finger1 63 26–27 26–27 22–23 35–36 29–30 21–22
73–87 73–87 73–87 87–101 82–96 68–82
95–100 95–100 96–101 111–116 104–109 90–95
110–112 110–112 111–113 120–122 113–115 105–107
116–117 116–117 117–118 126–127 119–120 111–112
154–160 154–160 159–165 168–174 161–167 154–160
175–202 175–202 180–207 189–216 183–210 175–202
Palm1 29 207–216 207–216 212–221 220–229 214–223 207–216
217–221 217–221 222–226 231–235 224–228 217–221
228–241 229–242 235–248 245–258 237–250 230–243
Finger2 25 242–245 243–246 249–252 259–262 251–254 244–247
271–291 270–290 281–301 291–311 283–303 276–296
Palm2 59 292–312 291–311 302–322 312–332 304–324 297–317
320–333 319–332 330–343 346–359 335–348 325–338
345–347 344–346 355–357 373–375 360–362 350–352
351–354 350–353 361–364 379–382 366–369 356–359
370–380 369–379 382–392 398–408 387–397 376–386
387–392 386–391 398–403 412–417 401–406 390–395
Thumb 21 393–399 392–398 404–410 418–424 407–413 396–402
402–403 401–402 413–414 427–428 416–417 405–406
423–434 422–433 433–444 462–473 449–460 425–436
a Coordinates of the geometrical core elements are presented. The geometrical core was determined as described in Materials and methods. ThresholdΔ=2.0 Å was
accepted for the allowed difference in distances between any pair of corresponding Cα atoms in every structure. Only segments consisting of at least 2 sequential Cα
atoms were taken into account. Segments separated by a single Cα atom were merged.
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which the template RNA appears to enter the catalytic cavity.
A relatively better similarity was observed between the PV,
HRV, FMDV, RHDV and NV RdRPs. The geometrical core of
these five enzymes consists of 197 Cα atoms (Table 3), which
significantly exceeded size of the geometrical cores for any pair
of other RdRP structures. The similarity extended to almost all
parts of these molecules, except fragments on the outer surface
of fingers and palm, thumb helices ThHx2 and ThHx4 and the
C-tail positions of NV, RHDV, and FMDV RdRPs. Importantly,
the thumbs of these latter RdRPs appeared to exhibit rather
similar structures, having a geometrical core of 21 Cα atoms
(Table 3). Even a better value of 38 Cα atoms could be
calculated for the geometrical core of the five thumb domains, if
they were considered separately (rather than in the context of
the whole molecules), the difference being due to a slightly
different orientations of the thumbs relative to the conserved
parts of the respective palms. The geometrical core comprises
the thumb helices ThHx1, 2 and 3 (defined in Table 2) and the
strand-like linker connecting ThHx3′ with ThHx4 (not shown).
Since the model for these elements in the MV RdRP was basedon the structure of the FMDVenzyme, the similarity of the palm
and thumb structures of PV, HRV, FMDV, RHDV and NV
RdRPs may be regarded as an additional argument for the
validity of the model.
Verification of some of the model predictions by mutagenesis of
the C-terminal residue
The model suggested that Trp460 could participate in the
formation of a bridge between the palm and thumb domains by
hydrophobic interaction and hydrogen bonding with the specific
palm residues. With the help of SwissPDBViewer, we looked at
possible effects of replacement of Trp460 by other amino acids
and predicted that its role could be performed by a bulky amino
acid residue capable of generating hydrogen bonds and having
nonpolar atomic groups, which would participate in hydro-
phobic interactions, such as Tyr, His, Arg or, less likely, by
smaller Gln and Glu. The existence of Arg in this position of the
Theiler's murine encephalomyelitis virus (a cardiovirus) RdRP
(Fig. 2) is consistent with this notion. The substitution of
Trp460 with nonpolar bulky amino acid residue Phe would have
Table 4
Amino acid residues at randomized positions within the RdRP-coding sequence
of some of the rescued infectious viruses
Virus Amino acid sequence at position (codon used) a
216 219 220
WT Val (GUG) Thr (ACA) Ala (GCC)
RM1 Val (GUC) Ser (AGC) Thr (ACC)
MP5 Val (GUC) Ser (AGU) Ala (GCC)
RM17 Val (GUA) Ser (UCU) Ala (GCC)
RM21 Val (GUA) Ser (AGU) Ala (GCC)
MP11 Ile (AUA) Ser (UCG) Ala (GCC)
RM14 Ile (AUA) Ser (UCA) Ala (GCC)
MP25 Ile (AUU) Ser (UCC) Ala (GCC)
RM31 Arg (AGG) Thr (ACU) Ala (GCC)
RM4 Arg (AGG) Ser (UCC) Ala (GCC)
RM34 Arg (AGA) Ser (UCA) Ala (GCC)
RM7 Leu (UUA) Ser (AGU) Ala (GCC)
a Nucleotides and amino acids different from the wt sequence are in bold.
Fig. 5. Phenotypic properties of mutants with replaced C-terminal residue of the
RdRP. (a) Single-step viral growth. RD cells were infected with wt and mutant
viruses at an m.o.i. of 20 PFU/cell. W460Y/m3UTR is a pseudorevertant of
ΔW/m3UTR; the structures of relevant portions of the genome are given in
Table 2. (b) Plaque phenotype of mutants in RD cell monolayers incubated at
37 °C for 3 days. Crystal violet staining.
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predicted functionally inefficient. A smaller residue, e.g., Ala,
inserted in the model at position 460 instead of Trp could not at
all interact with the palm.
To check what C-terminal residues can preserve the MV
RdRP function, four mutant genomes were constructed, in
which Trp460 was replaced by either His, Tyr, Phe, or Ala. The
two former RNA species proved to be infectious, whereas the
two latter failed to produce any detectable CPE (Table 1). The
single-cycle growth curves at 37 °C and 40 °C (Fig. 5a) and
plaque phenotype (Fig. 5b) of the viruses with the C-terminal
His or Tyr residues did not markedly differ from these
parameters of the Trp-containing wt virus.
Thus, the phenotypes of engineered mutants were consistent
with the model-based predictions, and a bulky polar C-terminal
amino acid residue appeared to be required for the MV viability
and, by implication, functional activity of its RdRP.
Verification of some of the model predictions by in vivo SELEX
of residues 219 and 216
Among the model predictions was the notion that the C-
terminal Trp460 of the mengovirus RdRP is involved into
hydrophobic interaction with Val216 and could form a
hydrogen bond with the side chain of Thr219. To verify the
validity of these predictions, the codons corresponding to these
two amino acids were randomized in the context of the full-
length infectious viral genome. The RNA species obtained bytranscription of pooled randomized cDNA clones were used to
transfect Vero cells. Usually pools of 20 clones were used, but
three pools contained 100 clones. Infectious progeny was
obtained from 10 out of 45 of such RNA preparations tested,
and one of the infectious pools contained two different mutants.
The RdRP-coding portions of genomes of the 11 recovered
viruses were sequenced at least between positions 6850 and
7000. All of them retained the silent marker mutations at
positions 6869, 6872, 6959 and 6962 and, with a single
exception, contained (within the sequenced segments) no
mutations outside the randomized codons (Table 4). At the
positions encoding amino acid residue 216 of the viral RdRP,
four clones had Val codons (GUC, as in the wt virus, in two
cases, and GUA in two others). Other infectious clones
contained, at this place, codons for either Leu (UUA), Arg
(AGG or AGA), or Ile (AUA, AUU). At position 219, the
mutant RdRPs contained either Thr (encoded by ACU as
compared with wt ACA) or Ser (all the six codons, AGU, AGC,
UCA, UCU, UCG, UCC). As a result, five new combinations of
the residues at positions 216 and 219 were observed (Table 4).
One of the viruses exhibited also an Ala220→Thr replacement,
resulting from a G→A transition at the first position of the
respective codon. No additional mutations were detected in the
whole RdRP-coding sequence of five mutants (RM1, RM4,
RM14, RM17, RM31) investigated in this respect (not shown).
The single-cycle growth curves were determined for mutants
with each of the 5 observed combinations of amino acid
residues at positions 216 and 219 (Fig. 6). Reproduction of all
of them was quite efficient. Although some differences between
the growth curves could be observed, these differences seemed
to be too small to deserve special consideration here.
Discussion
Modeling of the MV RdRP performed on the basis of the
known structures of analogous enzymes of other picornaviruses
as well as of some other RNA-containing viruses allowed us to
propose that the C-terminal amino acid residue of cardiovirus
Fig. 6. Phenotypic properties of mutants rescued after randomization of codons
216 and 219 of RdRP. Single-step viral growth. Vero cells were infected with wt
and mutant viruses at an m.o.i. of 20 PFU/cell. VT, VS, RT, LS, IS and RS,
indicating amino acid residues at positions 216 and 219, correspond to WT,
RM17, RM31, RM7, RM14, and RM4 (Table 4), respectively.
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contact. Specifically, we propose that Trp460 of the thumb
interacts with several amino acid residues of the palm, in
particular forming a hydrogen bond with Thr219 and hydro-
phobically interacting with Val216. These contacts may control
the thumb flexibility, which in turn may be involved in the
elongating activity of the enzyme. This proposal is based on the
following considerations.
The thumb–palm contacts
Viral RdRPs vary significantly in the structure of their C-
termini. The HCV, BVDV, φ6, and RV polymerases possess,
after the ThHx4 helix, an extended thumb structural elements
(Table 2), which is proposed to take part in the initiation of RNA
strand (Butcher et al., 2001; Tao et al., 2002; O'Farrell et al.,
2003; Choi et al., 2004). At least in the case of the HCVenzyme,
deletion within its C-tail did not impair RNA elongation
(Bressanelli et al., 1999; Lévêque et al., 2003). On the other
hand, the RHDV, NV, HRV, FMDV, and PV RdRPs contain no
such an extended element at the thumb C-end. Moreover, the
picornavirus RdRPs have the shortest thumb domain among all
sequenced viral RdRP. By these criteria, the picornavirus and
calicivirus polymerases may be considered a distinct group of
“small” RdRPs. We shall focus on the analysis of this group.Table 5
Thumb–palm contacts in area 3
RHDV(A) RHDV(B) NV
Thumb Palm Thumb Palm Thumb
Segments a 497–501 ↔ 228–233 493–500 ↔ 228–233 482
462 ↔ 407–415 458,462 ↔ 407–415 485–48
H-bonds b 1 4
Hydrophobic c 5 ↔ 4 9 ↔ 5 2
a Segments of palm and thumb involved into the interactions.
b Number of the relevant inter-domain H-bonds.
c Number of atoms involved into relevant inter-domain hydrophobic interactions.Let us consider in more detail contacts of the thumb with
other domains, which appear to be localized to three distinct
areas in the MV RdRP and other “small” RdRPs (Fig. 4c).
Area 1 is the area of thumb interaction with the loop of
fingers. This loop is denoted as FThIS in Table 2. The thumb–
FThIS contact completes the ring around the catalytic cavity
(Fig. 1). Involved in this interaction are ThHx1, ThHx3 and the
loop between ThHx1 and ThHx2. In RHDV, HRV, PV, FMDV
and NV RdRPs, thumb and FThIS loop have a relatively
extended contact area, putatively making a common structural
element. Indeed, the thumb and FthIS loop of RHDV RdRP are
rotated as a whole, the axis of the rotation passing through the
basis of FthIS (Ng et al., 2002).
Area 2 includes the polypeptide chain connection between
the thumb and palm and contacts between side chains of
neighboring residues. In addition, contacts of the base of
PThIS2 hairpin of palm and C-terminus of ThHx2 helix of
thumb are included in this area.
Area 3 comprises the contacts of the thumb helix ThHx4 and
the turn between ThHx2 and ThHx3 with PThIS1 and PThIS2
segments of the palm. The contact of C-terminal ThHx4 with
palm is observed in all of the “small” RdRPs, whereas in
structures of other RdRPs this contact is supplemented with
additional contacts between their extended C-tails and the palm.
Interestingly, the nature and type of contacting residues
(hydrogen bonds, hydrophobic interactions) as well as their
number are not conserved among PV, HRV, FMDVand RHDV
RdRPs (Table 5).
The functional significance of the C-terminal residue of MV
RdRP follows from the observations that its absence or
replacement by Ala or Phe resulted in a severe defect in viral
RNA replication. On the other hand, the replacement of Trp460
by His or Tyr did not appreciably alter the viral growth
potential, suggesting that a bulky C-terminal residue possessing
a polar group is required for the maintenance of a functionally
active enzyme structure. Our model predicts that in the MV
RdRP this bulky polar C-terminal residue of the thumb is
involved in the interaction with the palm, specifically with its
Thr219 (by forming a hydrogen bond) and Val216 (via a
hydrophobic interaction).
To check the validity of these predictions, the nucleotide
triplets encoding the two latter amino acid residues of the palm
were randomized in the context of the full-length viral RNA.
Infectious clones generated by the modified viral RNAsPV MV (model)
Palm Thumb Palm Thumb Palm
↔ 222,398 422–423 ↔ 215–219 424–425 ↔ 215–219
7 ↔ 400–403 454–461 ↔ 379–390 452–460 ↔ 385–393
3 4 3
↔ 1 19 ↔ 10 12 ↔ 9
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positions (Table 4). The variation of amino acids encoded by
these codons was more limited. At position 219, only Ser was
found in addition to the wild-type Thr. Such a replacement is
fully compatible with the proposed model, which predicts
formation of a hydrogen bond between side chain of the amino
acid at this position and the polar C-terminal residue of the
thumb. At position 216, the infectious products of in vivo
SELEX contained either Val (as in wild-type virus) or one of the
following amino acids: Leu, Ile, or Arg. The model predicts that
the residue at this position should be engaged in hydrophobic
interaction with the C-terminal amino acid of the enzyme. Such
interaction between Trp460 and Leu216 or Ile216 is obviously
feasible. Arg also has a nonpolar Cβ and Cγ atoms in its side
chain which could readily be accommodated into the model
structure of MV RdRP. Altogether, we consider the results of
the randomization experiments as fully consistent with the
model proposed.
Although the thumb–palm contacts in area 3 (i.e., between
the thumb C-terminus and a distinct region of the palm) appears
to be a common feature of different RdRPs, specific amino acid
residues involved in this contact may vary markedly.
Flexibility of the thumb–palm contacts and its
biological implications
It has already been suggested that the thumb–palm contact is
flexible and the conformational transition associated with this
flexibility may be of functional significance, for example, being
a part of the elongation mechanism. Indeed, the thumb likely
forms one of the walls of the gap through which the template
RNA is translocated (Fig. 1) and it seems to be flexible in the
RHDV RdRP, as judged by its occupation of different positions
in two conformers of the enzyme (Ng et al., 2002). The thumb
flexibility was also demonstrated for HCV RdRP (Biswal et al.,
2005) and HIV reverse transcriptase (Huang et al., 1998).
The thumb flexibility in RHDV RdRP was envisioned as the
rotation 8° around the axis passing through amino acid residues
63–64 and 417–418 (Ng et al., 2002). This axis should pass
through the base of the FThIS loop and area 2 but did not pass
through area 3 (Fig. 4c). Therefore, the thumb–palm contacts in
area 3 should be stretched during the rotation of the thumb. Indeed,
these contacts are different in forms A (active) and B (inactive) of
RHDV RdRP (Ng et al., 2002) (Table 4). If rotation of the thumb
from inactive form B (more contacts in area 3, Table 4) into active
form A (fewer contacts) is required for the elongation, then the
elongation efficiency should depend on the amplitude and/or
frequency of the rotation and hence on the energetics of stretching
of the thumb–palm contacts. One may speculate that in the case of
PV RdRP, return of the thumb into the “more contacts” (inactive)
state after its deviation may be facilitated by the palm hydrophobic
pocket for thumb Phe461 (Fig. 4d). In RHDV RdRP, thumb
movements may be controlled by Lys500: its proton donor
nitrogen Nς is surrounded by four potential proton acceptors from
palm amino acid residues (not shown). In the framework of this
reasoning, it could be assumed that the lack of even a single
hydrogen bond or alteration of the strength of hydrophobicinteraction between the thumb and palm in area 3 may affect the
thumb flexibility and hence RdRP functioning. This would explain
the critical role, in the MV RdRP, of the chemical nature of the C-
terminal residue and of the palm residues contacting with it.
Possibilities of the involvement of MV RdRP Trp460 into
some other processes cannot rigorously be ruled out but seems
not very likely. In our model, this residue is evidently too far
from the active center and the predicted RNA template location
to be directly involved into the polymerization processes (Fig.
1). RdRP oligomerization was suggested to play an important
role in the poliovirus RNA replication (Pata et al., 1995;
Hobson et al., 2001; Cameron et al., 2002). If the putative
oligomerization interfaces in MV RdRP are similar to those in
PV RdRP, as deduced on the basis of contacts between the
molecule from neighboring crystallographic units (Hansen et
al., 1997; Cameron et al., 2002; Thompson and Peersen, 2004),
then Trp460 should be at least 8 Å away from another RdRP
molecule (not shown) and could hardly participate in the
intermolecular contacts.
Concluding remarks
The functional significance of the C-terminal Trp460 of MV
RDRP, demonstrated experimentally here, may be due to the
formation of a hydrogen bond as well as hydrophobic
interactions between the thumb and palm domains. We propose
that the strength of this contact may affect the thumb flexibility,
which in turn is expected to be essential for the RdRP function,
e.g., template RNA translocation. The control of thumb
flexibility by interactions of its C-terminal helix with palm
domain may be a common feature of other picornavirus and
calicivirus polymerases, but the molecular details of such
interactions and the amino acid residues involved may vary.
Materials and methods
Oligonucleotide-directed mutagenesis of the RdRP
3′-terminal residue
The initial plasmid pM160 containing a cDNA copy of MV
genome (Duke and Palmenberg, 1989) was kindly donated by
Dr. A. Palmenberg. The region corresponding to the last 360 nt
of MV genome was transferred to the polylinker of plasmid
pGEM7Zf(+) at positions 78 (BamHI) and 14 (ApaI), and this
construct was used for site-directed mutagenesis (Kunkel,
1985). The NruI/BamHI restriction fragments carrying muta-
tions within the polymerase gene and 3′UTR of MV were
recloned into NruI/BamHI-digested pM160. The following
synthetic oligonucleotides were used to introduce site-specific
mutations (underlined):
AGGAGCCTGTTCTAATAATAGCGCGGTC(7650 )
(ΔW460),
CGTTACCCGGTAAGTTAACCGGGTGTACA(7691)
(m3UTR),
AGGAGCCTGTTCGCGTAATAGCGCGGTC(7650)
(W460A),
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(W460F),
AGGAGCCTGTTCCATTAATAGCGCGGTC(7650 )
(W460H),
AGGAGCCTGTTCTATTAATAGCGCGGTC(7650 )
(W460Y).
Plasmid with a randomized internal sequence
First, a deletion of 72 nt (between positions 6881 and 6955)
flanked by unique restriction sites (XmaI and SalI) was introduced
into pM160. To this end, two overlapping parts of the RdRP-coding
sequence were PCR amplified from this plasmid by using a combi-
nation of primers MGCl (5′-GA3TGATCGATGCGGTGG(6237);
sense)/MGXh1M (5′-AGAGC3AACTCGAGAC3GGTTG6858;
antisense) and MGSlP (5′-GTCTCGAGTTG3CTCTTGTC-
GACTATTCCAAT4G(6975); sense)/MGHd3 (5′-GAACA4-
GCTTGCATGCCTGCAGCTCGACTCTAG; antisense;
corresponding to the multiple cloning site of the vector). The
introduced silent mutations (underlined) served to generate XmaI
and SalI sites as well as to remove the SalI site from the vector. A
mixture of the gel-purified productswas PCR fused by usingMGCl
(sense)/MGHd3 (antisense) primers. The resulting product was gel
purified, digested with ClaI and HindIII, and cloned into pM160.
The primary structures of the final construct, pM160/cas, were
checked by sequencing.
The partially randomized fragment corresponding to the deleted
portion of the RdRP was prepared by PCR by using sense primer
MGSLL (5′-CAACCG3TCTCGAGTTG3CTCTGCAATTG3-
TGTGAC3AG), antisense primer MGSLR (5′-GGAATAGTC-
GACATCATACAC3T3CA3GCCTTGCATTGC), and a synthetic
oligonucleotide MGSL (5′-AATTG3TGTGAC3AGACNNN-
CATTGGNNNGCCT3GGTGTGGCAATGCAAGGCT3GA;
the underlined N corresponded to any deoxyribonucleotide),
followed by the treatment with XmaI and SalI. Then, this
fragmented was ligated to the XmaI- and SalI-digested, depho-
sphorylated, and gel-purified pM160/cas. The ligation reaction was
used to transform Escherichia coli cells. Twenty (or, in 3 instances,
100) colonies were pooled and used for isolation of the randomized
plasmids.
Transcription and transfection
The plasmids were linearized by digestion with BamHI,
extracted with phenol–chloroform, and ethanol precipitated.
RNA transcripts were generated in 50 μl reaction mixtures
containing 1 μg of linearized template DNA according to the
Promega protocol. Samples of RNA transcripts, 1 μg, were
used for the transfection of susceptible cells (CV, Vero, or
BHK-21; no differences in viability of mutants in different
cultures were observed) by the DEAE–dextran method. After
transfection, the cells were incubated at 37 °C until
completion of CPE. In the case of CPE absence after a few
days, the cells were subjected to freezing and thawing, and
the cellular extract was transferred to fresh monolayers. If
CPE was not observed after 4–5 passages, the mutants were
considered dead.RNA isolation and analysis
Total RNA was isolated from 200 μl of cellular lysates by
phenol–chloroform extraction followed by ethanol precipita-
tion. In some experiments, the RNA was additionally
fractionated (from the initial suspension volume of 1.5 ml) by
2 M LiCl to obtain dsRNA (supernatant) and ssRNA
(precipitate) fractions.
TheRNAwas amplified using poly(dT) primer (5′-T7A4CTAT3-
AT4 complementary to nt 7747–7768) and a primers in the 3D
pol
coding region (5′-AGTACGATCGACTCT3 complementary to nt
7546–7562 or 5′-GA3TGATCGATGCGGTGG(6237)). The resul-
tant reverse transcriptase PCR products were purified by agarose
gel electrophoresis and sequenced.
[33P]-labeled viral RNA was obtained from ascites carci-
noma Krebs-II cells infected with MV at a multiplicity of
infection (m.o.i.) of 10 PFU/cell. The suspension of infected
cells (12 ml, 2×107 cells/ml) in modified Earle's solution
(HEPES instead of phosphate buffer) was synchronized at 4 °C
overnight and then incubated with actinomycin D (5 μg/ml) at
37 °C. [33P]-orthophosphate, 1 mCi, was added at 3, 4, and 5 h
of incubation. After 8-h incubation, cellular suspension was
frozen at −20 °C, thawed and cleared by removing of cell
debris. Viruses were purified by sedimentation through sucrose
cushions (2 ml 30% sucrose in 1 M NaCl, 20 mM Tris–HCl, pH
7.6) at 25,000 rpm (SW 27 Beckman rotor), 4 °C, 4.5 h. RNA
was extracted by SDS-phenol–chloroform and collected by
ethanol precipitation.
Hybridization of dsRNA with [33P]-labeled virion RNA
dsRNA from 300 μl of cell suspension and 1 μg of [33P]-
labeled virion RNA were mixed in 10 μl of hybridization
buffer (20 mM Tris–HCl, pH 7.5, 2.5 mM EDTA) and boiled
for 3 min in a water bath. After slow cooling to 37 °C, the
mixture was treated with RNase A (10 μg/ml) in 2× SSC
(0.3 M NaCl, 0.03 M Na citrate) for 30 min. Intact RNA was
extracted by phenol, precipitated by ethanol, and denatured by
glyoxal. The RNA was electrophoresed in 1% agarose gel in
10 mM Na-phosphate buffer, pH 7.0 and was visualized by
autoradiography.
Single-cycle growth curves
The kinetics of viral growth was measured in single-cycle
infections. RD or Vero cells were infected at a m.o.i. of
∼20 PFU/cell. After 30 min of adsorption at room temperature,
the cells were washed with MEM and the cell culture medium
was added. After infection, cells were incubated at 37 °C for 2,
4, 6, 8, 10 and 12 h, then frozen and thawed. Virus yields were
determined by the standard plaque assay on RD or Vero cells at
37 or 40 °C.
Picornaviral RdRP sequence alignment
Amino acid sequences of RdRPs of picornaviruses (enter-
oviruses, cardioviruses, aphthoviruses, rhinoviruses, aichiviruses,
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viruses (potyviruses, comoviruses), caliciviruses and flaviviruses
(85 sequences in total) were selected from Swissprot and
TrEMBL Data Banks and aligned by ClustalW program. This
alignment coincided with that done by A.Palmenberg (http://
www.virology.wisc.edu/acp/Aligns/aligns/picorna.p2Cp3). It was
refined manually using GeneDoc sequence editor (Nicholas et
al., 1997). Three-dimensional conserved features of structures of
PV, NV and RHDV RdRPs were taken into account. The C-tails
of picorna-like viruses downstream of the last conserved hydro-
phobic residue were not actually aligned; for calicivirus RdRPs
a reasonable alignment was stopped four positions upstream
(Fig. 2).
3D RdRP structures analysis
RdRP structures of PV (Hansen et al., 1997; Thompson and
Peersen, 2004) (PDB-codes 1rdr, resolution 2.4 Å and 1ra6,
resolution 2.0 Å), HRV, serotype 16 (Love et al., 2004) (1te9,
2.3 Å), FMDV (Ferrer-Orta et al., 2004) (1u09, 1.91 Å), RHDV
(Ng et al., 2002) (1khv, 2.5 Å, two conformers from the
crystallographic unit were used), NV (Ng et al., 2004) (1sh0,
2.17 Å), HCV (Bressanelli et al., 1999; Lesburg et al., 1999)
(1quv, 2.5 Å), BVDV (Choi et al., 2004) (1s48, 3.0Å), phageϕ6
(Butcher et al., 2000) (1hss, 2.0 Å), and reovirus (Tao et al.,
2002) (1n38, 2.8 Å) were selected from the Protein Data Bank.
All structures were superimposed by the use of SwissPDB-
Viewer (Guex and Peitsch, 1997). A draft alignment was obtained
by fitting three motifs named A, B and C (Koonin, 1991) and it
was used for the structural alignment of sequences of these RdRPs
aided by the SwissPDB program. The structural alignment was
refined manually using RasMol visualization program (Sayle and
Milner-White, 1995). This alignment was used for the determina-
tion of the geometrical core (Gelfand et al., 1998) of RdRPs, i.e.,
the maximal set of positions of structural alignment such that for
any pair of positions the distances between corresponding Cα
atoms in each structure is within a certain threshold value;
threshold of 2.0 Å was accepted here. The geometrical core was
determined by the “Life Core” program (Gribkov et al., 2004).
Segments of sequential Cα atoms separated by only one Cα atom
were merged. Segments consisting of a single Cα atom were
deleted from the geometrical core.
The refined 3D superimposition of RdRP structures was
obtained by fitting all segments of polypeptide chains forming
geometrical core in each protein.
Domains and segments (Table 2) were defined by visual
analysis of superimposed structures aided by RasMol program.
FMDV RdRP (PDB code1u09) and PV RdRP (PDB code
1ra6) were used as the templates for modeling of the MVenzyme.
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